In the presence of a steady ambient illuminance there occur two changes in the horizontal-cell incremental response; 1) The incremental sensitivity decreases which is WeberFechner like phenomena.
Introduction
One of the most important phenomenon in visual physiology is adaptation which has been the subject of numerous studies.
The classical view on adaptation was summarized by Rushton in his 1962 Ferrier Lecture. In the paper, Rushton1) classified adaptation into two phases, bleaching and field adaptations. The bleaching adaptation, which is also known as the dark adaptation, is due to depletion of visual pigment and field adaptation, which is known as light adaptation, is related to the elevation of threshold in the presence of a brighter background.
Adaptation is a change in the sensitivity which must be quantified. In the long history of vision research, most widely used criteria for (quantitative) measure of sensitivity has been 'incremental sensitivity'.
From incremental sensitivity should come the (modified)
Weber-Fechner relationship which states that with increase in the magnitude of background illumination the threshold for test flash increases according to equation (1): (1) where I is the background (or mean illuminance), I is the intensity of just detectable test flash, ID is the intrinsic light and A is the absolute dark threshold. Rushton1), along with other investigators, argued that there must be a mechanism to produce such a function and he proposed an automatic gain control system based on Fuortes and Hodgkin's2) original idea so that the incremental sensitivity decreased as the mean illuminance increased.
The neurons in the outer layer of the vertebrate retina produce only graded responses which has no threshold.
In 1966 Naka and Rushton') proposed that the relationship between the illuminance of step of light (given in dark) and the amplitude of the resulting response could be expressed by equation (2) where I, is the illuminance of the flash given in dark, V, is the peak response amplitude,
Vrnax is the response produced by a very bright flash, and a is the illuminance of a flash to give a response of 1/2 Vmax. The Weber-Fechner equation defines a neuron's threshold to some small change (usually for an increase in illuminance) from a steady mean illumi- White-noise modulated white-noise signal can be written as :
in which L, is the mean and L(t) is the white-noise modulation.
The horizontal-cell response evoked by white-noise stimulus can be written as : In A is shown a simplified experimental scheme. Input was white-noise modulated light attenuated by a series of neutral density filters. The light input was composed of two parts, a mean illuminance, Lo, and a modulation around the mean, L(t). Horizontal cell potentials were consisted of two parts, a mean hyperpolarization, Vo, and a modulation around the mean, V(t). L(t) and V(t) were stored on tape and digitized off-line. Crosscorrelation of L(t) against V(t) produced the first order kernel or impulse response in a linear system. In B is shown the time record of white-noise modulated light stimulus and its PDF. Neutral density filters in A changed the illuminance scale without changing the 'depth' of modulation. This is similar to the changes in visual scene whose mean illuminance changes according to times of a day or the season of the year.
in which Vo is the mean hyperpolarization produced by Lo and V(t) is the dynamic voltage Probability density function (PDF): This is the probability in which stimulus or response takes an amplitude within a infinitely narrow interval.
The function is best approximated for stationary system by the amplitude histogram.
Exact algorithms for computing kernels, model response, power spectra, MSE, and PDF are published elsewhere (Sakuranaga and Naka8)).
Results
The relationship between the amplitude (illuminance) of stimulus and that of the response is seown in Fig. 2 in which responses were evoked by steps of light given in dark.
As the illuminance of stimulus was increased the amplitude of the response also increased.
When the retina was moderately dark adapted a step input produced from the horizontal cells a response which was also step-like. In Fig. 2 is also shown the relationship between the amplitude of the response and the illuminance of stimulus in V-log I plot which is the familiar form fitted by equation (2). The equation is applicable in this case because the response was step-like, i.e. the response amplitude did not change much with time or as long as the stimulus was maintained the membrane hyperpolarization was kept at a fixed level. The responses from the retina which was not dark adapted had an initial peak as seen in the records in Figs. 3, 5, and n. produced by perturbation of a mean illuminance were linear. In Fig. 6 are shown five kernels obtained at five mean illuminance levels using steps of 1 log unit. In A are shown the kernels plotted on the absolute scale and in B the kernels are normalized to compare the kernels' waveform.
As the mean was increased, 1) the amplitude of the kernel was decreased monotonically, 2) the peak response times decreased, and 3) the width of the kernel became shorter. The kernel obtained with the brightest mean illuminance (trace 0), however, had a slightly longer peak response and had a broader width than the two kernels Fig. 11 . The second and third observations showed that the cell responded to faster inputs as the mean was increased.
At a very bright mean illuminance the cell's response became slower again. Note here that the waveform of a kernel including its width is an indication of the cell's frequency pW/cmi. Absolute values of kernels were plotted in A and normalized kernels were plotted in B. When plotted as in A, the absolute value (the amplitude) of the kernels is the incremental sensitivity and the kernels' waveform shows the cell's frequency response at a mean illuminance. The set for the spot with a steady annulus had a corner frequency of 10 Hz and the power spectra of the response and model matched quite well (MSE was 2 .6%). The decrease in the (threshold) sensitivity is referred as the Weber-Fechner relationship. . Note that, in the presence of a steady annular illumination, the power spectra of the actual and predicted responses were almost identical whereas, with spot as the only stimulus, the power spectra of the actual and predicted responses were different. Therefore, response was nonlinear.
The static sensitivity is related to the response amplitude produced by a step of light and the Naka-Rushton equation described the relationship between the amplitudes of stimulus and response. The static sensitivity can be defined only in the cells which produce sustained response although some authors applied the sensitivity to those cells which produced transient responses"). Dynamic sensitivity, on the other hand, can be applied to any system which produces response to an input. In a linear system the dynamic sensitivity is defined by the system's impulse response which is the system's (first order) Wiener kernel.
There are two aspects in the field adaptation : one is the lateral shift of a V-log I curve and the other is the compression of the V-log I curve in the presence of a steady background. The former is a change without any real light as illustrated in Fig. 1 Fig. 6 in Naka et al".
In the figure they showed that as the retina was dark adapted, the steady hyperpolarization, V0, produced by a white-noise stimulus increased whereas the modulation, V(t), decreased.
The decrease in the incremental sensitivity with an increase in the mean illuminance is due to the decreasing local slope of the V-I plot of the Naka-Rushton equation.
One example is shown in Fig. 11 
